Heat treatment (55°C for 40 min) of cell suspensions in buffer (ca. 3 x 109 cells per ml) of Escherichia coli ML35 caused a 4-to 4.5-log loss of cell viability. Similar results were found for several other E. coli strains that were examined. As a result of this heat treatment, 260-nm-and 280-nm-absorbing (5, (11) (12) (13) and high energy efficiency of the process (YATP, 18 to 26) 
The periplasmic region of a suitable gramnegative bacterium (substrate cell) is a normal growth environment for Bdellovibrio bacteriovorus. The apparently regulated utilization of substrate cell components (5, (11) (12) (13) and high energy efficiency of the process (YATP, 18 to 26) (14) indicate that intraperiplasmic bdellovibrio growth involves substantial biochemical complexity. Although it is known that after bdellovibrio penetration the substrate cell is nonviable (18) and has lost some metabolic activities (6, 15) , some substrate cell enzymes are functional until inactivated or degraded (or both) by bdellovibrio enzymes (3) . Thus, to establish that any one biochemical or physical event of intraperiplasmic growth can be specifically caused by bdellovibrio enzymes alone, it must be clearly shown that homologous substrate cell enzymes are not involved. One way to establish this latter point would be to grow bdellovibrio intraperiplasmically on heat-treated substrate cells. Presumably, these heat-treated substrate cells would have a variety of enzymes that would be partially or completely inactive as a result of the heat treatment. In the case of complete inactivation, bdellovibrio enzymes would be completely responsible during intraperiplasmic growth for the occurrence of biochemical events homologous to those caused by the inactive substrate cell enzymes. However, a major assumption made in this experimental approach is that intraperiplasmic bdellovibrio growth on heatkilled substrate cells is not significantly altered from growth on normal substrate cells. The studies reported here indicate that this assumption is largely valid for the severity of heat treatment used here (55°C for 40 min).
MATERLALS AND METHODS
Organisms and culture conditions. B. bacteriovorus 109J was the experimental organism; it was grown on Escherichia coli in dilute nutrient broth (15, 19) . E. coli ML35 (lacI lacY) and E. coli B were grown at 30°C in a glucose-mineral salts medium, as described previously (7) . E. coli strains K-10 BJ565 (11), K-12 AB1157-1-5A-1, K-12 57A-12, and K-12 4K-26 (22) were grown on glucose-mineral salts medium supplemented with 0.2% (wt/vol) casein hydrolysate, plus ribose, tryptophan, methionine, and thiamine at 1156 lo.3 S.A.
concentrations of 10, 20, 20, and 2 ,g/ml, respectively. Cells were harvested by centrifugation, and cell suspensions were made in 5 x 10-M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid containing 10-3 M CaCl2 and MgCl2 (HM buffer; pH 7.6) after being washed twice in this buffer by centrifugation.
Cell numbers in cell suspensions were determined by turbidity measurements (15, 19) . Viable cell numbers were determined for E. coli as colony counts on nutrient agar plates and for B. bacteriovorus as plaque-forming units.
Heat treatment. Unless indicated otherwise, the standard heat treatment procedure used was as follows. All E. coli cultures were harvested in mid-exponential growth phase (optical density, 0.5 to 0.7 at 660 am). After being washed twice by centrifugation (5 min, 4°C, 6,000 x g), the harvested cells were concentrated about 10-fold in HM buffer (3 x 109 to 9 x 109 cells per ml), and the suspension was divided into two equal portions. One portion was then heat treated. The washed cell suspension (15 to 30 ml) was rapidly warmed to 30°C, followed by incubation with gentle shaking at 55°C for 40 min in a water-bath shaker. The culture was then immediately cooled in an ice water bath. Both the heat-treated and untreated cells were suspended in HM buffer to the same volume after being washed twice by centrifugation.
Growth experiments. Single-cycle and multicycle growth experiments, in which E. coli served as the sole source of nutrients for intraperiplasmic growth of bdellovibrios, were done by standard procedures (6, 15) . Experimental determinations of YATP (grams [dry weight] of cell material formed per mole of ATP) for intraperiplasmic bdellovibrio growth were calculated as described previously (14) . The oxygen consumption of cell suspensions were measured with an 02 electrode, and respiratory quotients for intraperiplasmic growth were determined by standard methods (6, 15) .
Chemical and enzyme assays. Previously published procedures (5) were used for the fractionation of cells into their major constituents and for analyses of protein, RNA, and DNA. Enzyme activities in cell extracts were measured (1, 3, 4) over the range of 6 x 10' to 11 x 109 cells per ml were heat treated at 55°C for 40 min, the residual viable cell counts of the suspensions were 1 x 104 to 2.5 x 105 cells per ml, respectively.
Cell suspensions (ca. 3 x 109 cells per ml) of other E. coli strains (see Materials and Methods) were also subjected to heat treatment (550C for 40 min). Both the E. coli K-10 and K-12 strains showed a 4-log or greater loss in viability, whereas E. coli strain B viability declined only by 2 logs. With all E. coli strains examined, the rate of viability loss at 55°C slowed substantially after the viable count dropped to ca. 105 cells per ml. This suggested that a very small fraction of the initial population (ca. 3 x 109 cells per ml) was relatively more heat resistant. Nevertheless, a standard heat treatment of 55°C for 40 min was used routinely in the subsequent experiments, as this procedure yielded a 4-to 4.5-log loss in cell viability with no substantial inhibition of bdellovibrio attachment to these heattreated cells (see below).
Effects of heat treatment on whole celis ofE. coli When U-_4C-labeled E. coli cells were heat-treated, 10% or less of the initial whole-cell radioactivity was released into the suspending buffer (Table 1 ). In addition, 260-nm-and 280-nm-absorbing (UV) materials appeared in the suspending buffer. The rates of appearance in the suspending buffer of UV material and radioactivity paralleled one another. About 80% of the total released material was lost from the When cell lipids were extracted with chloroform-methanol (11), the resultant extract obtained from heat-treated E. coli ML35 usually contained about 15% less radioactivity than that obtained from untreated cells. These data, in conjunction with the above data on released cell materials, suggested that heat-treated cells were more permeable than normal cells because of cell membrane damage. Untreated E. coli ML35 whole cells showed less than 2% of the ,B-galactosidase activity present in cell extracts (Table  2) , as expected, because E. coli ML35 (lacI lacY (is constitutive for fl-galactosidase synthesis but is impermeable to lactose and o-nitrophenyl-fl-D-galactopyranoside. In contrast, heat-treated whole E. coli ML35 cells showed about 25% of the ,B-galactosidase activity present in cell extracts (Table 2 ). In agreement with previous studies (3, 15) , more than 95% of the cellular /8-galactosidase activity was unmasked during bdellovibrio attachment and bdelloplast (spherical substrate cell with intraperiplasmic bdellovibrio) formation, not only on untreated cells, but also on heat-treated cells (Table 2 ). In addition, bdeliovibrio cells and cell extracts showed only very low o-nitrophenyl-fl-D-galactopyranoside hydrolysis activities, as found previously (15) . Effect of heat treatment on E. coli enzyme activities. The levels of various enzyme activities in cell extracts prepared from untreated and heat-treated E. coli cells were measured ( Table  3) . Most of the enzyme activity levels in cell extracts prepared from heat-treated cells were 10% or less of those in cell extracts from untreated cells. The decreases in the activities of the glucose-6-phosphate and glyceraldehyde-3-phosphate dehydrogenases (Table 3 ) and fl-galactosidase ( (Table 2 ). These latter data indicate that the procedures used in cell extract preparation were not the cause of any observable inactivation of enzyme activity. When cell extracts from untreated and heat-treated cells were mixed, the activity levels of various en- (14) and from the respiratory quotient for intraperiplasmic growth (6) . Because the respiratory quotients for intraperiplasmic growth on untreated and heat-treated substrate cells were found to be similar, YATP values were determined for bdellovibrios grown on untreated and heat-treated cells. The data show that the YATP for intraperiplasmic growth on heattreated E. coli ML35 cells was only slightly higher (17.9) than that on untreated cells (16.0).
DISCUSSION
The data show that the synchronous singlecycle intraperiplasmic growth of B. bacteriovorus 109J on heat-treated (55°C for 40 min) E. coli substrate cells is very similar, if not identical, to growth on untreated cells. The conclusion is supported by a comparison of the data obtained from measurement of several parameters of intraperiplasmic bdellovibrio growth on the two types of substrate cells. The data showed no substantial differences in (i) progeny bdellovibrio yields, (ii) progeny bdellovibrio cell composition, and (iii) YATP values from intraperiplasmic bdellovibrio growth. In addition, microscopic observations indicated no major differences in bdellovibrio attachment and penetration per se, or in morphological aspects of intraperiplasmic bdellovibrio development.
Several studies have indicated that bdellovibrios are capable of growth on heat-treated substrate cells (2, 8, 16, 17, 20) , but, unlike our study, the bdellovibrio growth observed in these studies was extracellular or occurred by asynchronous multicycle intraperiplasmic development, or both. Multicycle intraperiplasmic growth can occur on Spirillum serpens (16) or E. coli cells (this study) that have been subjected to a prolonged, low-temperature heat treatment (55 to 56°C for 60 to 90 min). We observed little or no bdellovibrio attachment to E. coli cells that were heat-treated at 98°C (5 min or more), and, in agreement with other studies (2, 16) , only extracellular bdellovibrio growth occurred with these cells, provided the substrate cells were not washed after heat treatment. The substrate-cellderived bdellovibrio growth initiation factor (7, 9) and other materials released into the suspending fluid during heat treatment provide the nutrients necessary for extracellular bdellovibrio growth, as has been observed for B. bacteriovorus 6-5-S (2). Whether bdellovibrio grows intraperiplasmically or extracellularly may depend on the extent of damage to the substrate cell. Presumably, some of the substrate cell components that are affected by heat treatment are associated with (or are a part of) the suggested bdellovibrio attachment sites (20) in the outer membrane layers of the gram-negative substrate cell.
In a study examining intraperiplasmic growth conditions, Varon and Shilo (21) Obviously, then, substrate cell energy generation, respiration, and permeability control are nonessential for any phase of bdellovibrio growth, including attachment, as expected, because respiration and permeability control were shown to be rendered nonfunctional very early in the developmental cycle (6, 15) .
After bdellovibrio penetration into normal, untreated substrate cells, a wide variety of substrate cell enzymes could remain functionally active to some degree; specifically, this has been shown to exist for certain substrate cell glycolytic enzyme activities (3). Therefore, many substrate cell enzymes could be capable of participation to some degree in various biochemical processes occurring during intraperiplasmic bdellovibrio growth. To establish that any one of these biochemical processes can be caused by bdellovibrio-specific enzymes alone would be difficult. In this regard, the use of heat-treated substrate cells would be of value, as it could be concluded that bdellovibrio enzymes are responsible for biochemical processes homologous to those catalyzed by substrate cell enzymes that were totally inactivated by heat treatment. Thus, it can be concluded, for instance, that substrate cell glycolytic enzyme activities that persist after penetration (3) are not needed for bdellovibrio growth, since these activities are almost completely absent from heat-treated cells (Table 3) .
Currently, we are using heat-treated substrate cells to study the reported (5) catabolism of nucleotide sugars, and the preliminary data suggest that bdellovibrio enzymes could be mostly responsible for the loss of ribose during intraperiplasmic growth.
The use of heat-treated substrate cells to investigate various aspects of intraperiplasmic bdellovibrio growth is a good method, but because it is an indirect approach, the technique does have certain limitations. First of all, it does not allow one to totally exclude the possible involvement during growth on normal, untreated substrate cells of the inactivated enzymes observed with heat-treated cells. Secondly, in the case of an only slightly or partially inactivated enzyme, the residual activity may be sufficient for bdellovibrio growth. Thirdly, the technique can only be used to draw conclusions about enzymes that are susceptible to heat inactivation. However, the major advantage of using heat-treated substrate cells is that it is a relatively simple method for obtaining substrate cells that are partially or completely deficient in one or more enzymes, but for which no suitable E. coli mutant strains deficient in these enzymes are readily available. By comparing differences in specific growth parameters between bdellovibrio growth on normal and heat-treated substrate cells in conjunction with other appropriate supporting data, one can clearly establish whether the particular substrate cell function is essential to bdellovibrio growth.
